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Abstract
Recent theories have revealed topological diﬀerences between one-dimensional (1D) Heisenberg
antiferromagnets (HAFs) with odd and even integer spins (S). With this renewed interest, we
have investigated the low-ﬁeld magnetic susceptibility, speciﬁc heat, and high-ﬁeld magnetiza-
tion of single-crystal samples of MnCl3(bpy), bpy=2,2
′-bipyridine, which is regarded as an S =
2 quasi-1D HAF. With the magnetic ﬁeld oriented along the a∗, b and c directions, the magnetic
susceptibilities possess broad maxima around 100 K. When the magnetic ﬁeld is parallel to the
b-axis, a sharp peak at 11 K is observed in the magnetic susceptibility, while a smaller feature
is detected in the speciﬁc heat, indicating a transition to long-range antiferromagnetic order.
At 1.7 K, the high-ﬁeld magnetization curve along the c-axis shows a spin-ﬂop transition, while
the responses in the other directions show monotonic increases. These experimental ﬁndings
conﬁrm that MnCl3(bpy) is not an ideal model system to study the S=2 Haldane phase.
Keywords: Magnetic properties, single crystals, S=2 1D Heisenberg antiferromagnet, Haldane conjec-
ture
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1 Introduction
One-dimensional (1D) Heisenberg antiferromagnets (HAFs) have been studied widely since 1983
when Haldane conjectured large diﬀerences in the features near the ground states between 1D
HAFs with half-integer and integer spin values (S) [1]. These studies established the presence
of the Haldane gap (Δ/J∼0.41 [2]) in S = 1 1D HAFs. Here, the spin Hamiltonian is
H =
∑
i
JSi·Si+1 +D(Szi )2 + E[(Sxi )2 − (Syi )2], (1)
where J (> 0) the nearest-neighbor intrachain exchange constant, Si is the quantum spin
operator at the i-th site, and D and E are the single-ion anisotropy constants. A number of Ni
chain compounds were synthesized and studied as candidates for S = 1 1D HAFs. Among them,
the Ni chain compound Ni(C2H8N2)2NO2(ClO4), abbreviated as NENP, has been investigated
extensively because of its moderate energy gap of Δ∼20 K due to the intrachain exchange
constant J/kB ∼ 50 K and its negligible interchain exchange interactions (J ′∼10−4J) [3, 4, 5].
The ground state region of the Haldane phase was calculated as a function of D versus the
ratio of the interchain to the intrachain exchange constants zJ ′/J , where z is the number of
nearest-neighbor chains. [6] The energy dispersion of NENP was studied by inelastic neutron
scattering experiments [7], and magnetic excitations in high-ﬁelds were examined using electron
spin resonance (ESR) techniques [8, 9]. In addition, the ground-state properties of the S = 1
1D HAF have been studied by ESR in NENP doped with magnetic (Cu2+, S = 1/2) [10] and
nonmagnetic (Zn2+, Cd2+ and Hg2+) ions [11], where S = 1/2 degrees of freedom were observed
at Ni sites neighboring the impurity ions. Hence, these spin states were named “edge-spins”.
This ﬁnding is well-explained as a valence bond solid (VBS) state [12], and this behavior is
believed to be one of the characteristics of the Haldane state.
In contrast, 3d transition metal compounds regarded as ideal S = 2 1D HAFs, which ex-
hibit no long-range order at suﬃciently low temperatures, were not found before the report
on MnCl3(bpy) in 1996 [13], where bpy stands for 2, 2
′-bipyridine. For S = 2 systems, the
small energy gap of the Haldane phase (Δ ∼ 0.089J) was calculated with several numerical
techniques [14, 15]. All the candidate compounds for an S=2 1D HAF, except the title com-
pound, exhibited a long-range magnetic order [16, 17, 18]. Therefore, the nature of the S = 2
1D HAF was studied in the paramagnetic state at temperatures above the long-range ordering
temperature (TN). For instance, the edge-spin state was studied by ESR in CsCr1−xMgxCl3
(x=0.073) at temperatures above TN [17]. In another work, the spin excitations in CrCl2 were
studied by inelastic neutron scattering experiments above TN, and no sign of a gapped quantum
spin liquid excitation was found in the paramagnetic phase [19]. The phase diagram for the
S=2 1D HAF, including single-ion and exchange anisotropies [20], indicates that the Haldane
phase is maintained only for D/J ≤ 0.04± 0.02. Recently, the phase diagram for the S = 2 1D
HAF was studied numerically, recalling Oshikawa’s prediction about 20 years ago [21], and a
signiﬁcant change in the phase diagram from the previous one [20] was proposed. Speciﬁcally,
the Haldane phase and the Large-D phase were found to be identical in the S = 2 1D HAF, and
a small new phase, called the intermediate D-phase, was identiﬁed [22]. Recent theories [23, 24]
have revealed the topological diﬀerences between 1D HAFs with odd and even integer spins.
The Haldane phase is a symmetry-protected topological phase for the former and is not for the
latter, which is relevant to the edge-spin state. This theoretical ﬁnding has attracted renewed
interest in performing experimental studies on S = 2 1D HAFs.
The compound MnCl3(bpy) was synthesized in 1967 [25], and the crystal structure was
resolved in 1991 [26]. It was reported that the Haldane gap was experimentally observed for
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the ﬁrst time in an S = 2 quasi-1D HAF [13]. Granroth et al. measured the temperature
dependence of the magnetic susceptibility of 90 tiny single-crystals of this compound, which
provided a total mass of about 2.4 mg, and found a broad peak near 100 K and anisotropic
behavior below 80 K [13]. From an analysis of the magnetic susceptibilities, the intrachain
exchange constant J and the g-value for the chain direction were evaluated to be J/kB =
34.8± 1.6 K and g‖ = 2.04± 0.04. In 2012, the temperature dependence of intrinsic magnetic
susceptibility and high-ﬁeld magnetization of a powder sample of MnCl3(bpy), after subtracting
a magnetic impurity contribution, were compared with those calculated numerically for the
S = 2 1D HAF, and the exchange parameter and the average g-value were evaluated to be
J/kB = 31.2 K and g = 2.02 [27]. In addition, spin excitations in this compound were studied
by a neutron scattering technique [28]. In 2014, a subset of the present authors reported the
results of high-ﬁeld (up to 50 T), multi-frequency ESR measurements on a powder sample
of MnCl3(bpy) [31]. High-frequency resonance modes with zero-ﬁeld gaps of about 800 GHz
were unexpectedly observed and subsequently analyzed by the molecular ﬁeld approximation
of antiferromagnetic resonance modes with orthorhombic anisotropy in the long-range ordered
state. The data were well-described with single-ion anisotropy constants D/kB = −2.0± 0.1 K
and |E/kB| = 0.20 ± 0.01 K, which were obtained when the exchange constant value, J/kB =
31.2 K, evaluated by ﬁtting the magnetic susceptibility data. Since the observed zero-ﬁeld
energy gap was signiﬁcantly diﬀerent from the 50 GHz value expected for the Haldane gap,
these ﬁndings were interpreted as evidence of a long-range ordered state that takes place at
suﬃciently low temperatures and above the critical ﬁeld (∼ 1.5 T) where the Haldane gap closes
and magnetism recovers. In the present paper, we report on the magnetic and thermodynamic
properties of considerably large single-crystal samples of MnCl3(bpy) that have never been
obtained before this work, and describe whether the above interpretation is valid.
2 Experimental details
The synthesis protocol of MnCl3(bpy) followed procedures described in the literature [26],
and these steps were also employed to generate the samples used in earlier work. [13, 29, 30]
The only potential diﬀerence employed in the synthesis of the single crystals reported herein
involves the recrystallization procedure. More speciﬁcally, after redissolving the powder in
acetonitrile at 70 ◦C, the solution is ﬁltered and left to cool slowly. Since the product is
rather insoluble in acetonitile, if cooled too fast, only small crystals are obtained. A standard
approach is to recrystallize enough compound to be distiributed to ten, 25-ml vials, from which
only one typically provides sngle crystals. About 20 diﬀerent crystals, with masses ranging from
nominally 1 mg to 2.5 mg, were used for this work. The obtained compounds consist of Mn3+
ions (S = 2), but Mn2+ ions must be contained as magnetic impurities because the compounds
were synthesized by oxidizing an ingredient material with Mn2+ ions. Figure 1(a) depicts the
chain structure of MnCl3(bpy) [26], and the Mn
3+ chains run along the c-axis, and the chains
are well separated by bpy groups.
Magnetic susceptibilities (χ=M/H) and magnetization (M) at low magnetic ﬁelds (H) of
up to 7 T were measured with a commercial SQUID magnetometer (Quantum Design, MPMS-
XL7). High ﬁeld magnetization has been examined in pulsed magnetic ﬁelds of up to 52 T. The
magnetization in pulsed magnetic ﬁelds was measured with an induction method using a pick-up
coil, and the calibration was done using the low ﬁeld data taken by the SQUID magnetometer.
Both measurements were conducted at AHMF in Osaka University.
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*Figure 1: (a) Chain structure of MnCl3(bpy) [26] (The a
∗ is the direction of the primitive vector
of the reciprocal-lattice which is perpendicular to both b and c-axes.) and (b) transverse ﬁelds
(green arrows) caused by the chain structure and the ordered magnetic moments (red and blue
large arrows) in the antiferromagnetically ordered state. In the two nearest neighbor chains
denoted by X and Y, the transverse ﬁelds are oppositely directed. The tilting of magnetic
moments from the c-axis is exaggerated in this schematic.
3 Results
The temperature dependences of the magnetic susceptibilities (M/H) of single-crystals of
MnCl3(bpy) measured at 0.1 T applied along the a
∗, b, and c directions are shown in Fig. 2.
The a∗ is the direction of the primitive vector of the reciprocal-lattice which is perpendicular
to both b and c-axes. All the susceptibilities have broad maxima near 100 K, which is typical
of a low dimensional antiferromagnet and is consistent with the previous results obtained with
a bundle of tiny crystals [13] and with a power sample [27]. The susceptibility along the c
direction decreases steeply with temperature down to 10 K, while those along the other direc-
tions indicate a gradual decrease down to T ∼ 25 K. The magnetic susceptibility along the
b direction shows a sharp peak at 11 K, which may correspond to an anomaly observed in a
powder sample. All the data indicate an steep increase at temperatures below 10 K probably
due to magnetic impurities arising from Mn2+ impurity ions mentioned previously. In the inset
of Fig. 2, a tiny peak was observed at 11 K in the speciﬁc heat data in zero applied magnetic
ﬁeld, indicating a long-range order (LRO). This peak is small because a signiﬁcant amount of
entropy has already been reduced by the well-developed short range order below 100 K.
Figure 3 shows magnetization curves at 1.7 K along the a∗, b, and c directions. The mag-
netization along the c-axis shows a spin-ﬂop transition at 22 T. Below this transition ﬁeld, the
magnetization possesses a ﬁnite but gradual slope, and this result is typical for the spin-ﬂop
transition in a two-sublattice antiferromagnet. The extrapolated broken line drawn from the
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Figure 2: Temperature dependences of the magnetic susceptibilities of single-crystal samples of
MnCl3(bpy) when the magnetic ﬁeld is applied along the a
∗, b, and c directions. The a∗ is the
direction of reciprocal-lattice vector against the a-axis which is perpendeicular to both b and
c-axes. Inset: speciﬁc heat as a function of temperature in zero applied magnetic ﬁeld. The
arrow indicates a tiny peak observed at 11 K.
high ﬁeld magnetization goes to the origin of M -H plane, thus indicating the presence of a
spin-ﬂop transition. Large noise of the magnetization curve for a∗ direction at ﬁelds above than
25 T was caused by an issue with the pulse magnet being employed. In the inset of Fig. 3, the
magnetization curves at 1.9 K measured with the SQUID magnetometer for the same directions
are depicted. A hysteresis of the magnetization curves below 4 T only exists for b-axis. This
hysteresis will be discussed later from the structural view point.
4 Discussion and conclusions
Firstly, the diﬀerent behaviors of magnetic susceptibilities along the three crystalline direc-
tions are noteworthy. Above 100 K, all the susceptibilities show similar behavior with small
diﬀerences due to the diﬀerent g-values. However, the susceptibilities below 100 K indicate
largely diﬀerent tendencies probably owing to the well-developed short-range order induced
by the interchain interaction. At 11 K where the sharp peak is observed for the b-axis, the
magnetic susceptibilities along the other directions also show anomalies accompanying with the
long range order. Hence, this compound is not an ideal S = 2 1D HAF without long-range
order at extremely low temperatures, and the assertions made by Granroth et al. [13] are hereby
corrected.
Secondly, the spin-ﬂop transition ﬁeld for the c-axis is 22 T, which is lower than the ﬁeld
(27 T) expected from the antiferromagnetic resonance mode calculations conducted for the
powder ESR signals [31]. This diﬀerence will be reexamined after future ESR measurements
using single-crystals of MnCl3(bpy). The gradual slope of magnetization below the transition
ﬁeld may be ascribed to the magnetic moments tilted from the c-axis (Fig. 1(b)).
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Figure 3: High ﬁeld magnetization curves measured at 1.7 K for the a∗, b, and c directions. The
broken line is drawn by extrapolating linearly from the magnetization in higher ﬁelds than the
transition ﬁeld. At the transition ﬁeld, the hysteresis between ﬁeld ascending and descending
processes is small. Inset: Magnetization curves at 1.9 K for the same directions as in the main
panel in magnetic ﬁelds of up to 7 T. The magnetization for H‖b has a large hysteresis.
Thirdly, regarding the magnetization hysteresis observed for the b direction, we conjecture
the conﬁguration of magnetic moments as shown in Fig. 1(b). The magnetic moments are tilted
from the c-axis toward the b-axis, and the antiferromagnetically ordered moments are pointed
up and down. If antiferromagnetic interchain interactions are assumed, then two kinds of chains,
namely X and Y, exist, and then the transverse ﬁelds caused by the tilting of magnetic moments
are opposed to each other against the b-axis. When the external magnetic ﬁeld is applied to
the b-axis, a spin-ﬂip transition takes place on the X chain, corresponding to the small jump of
magnetization at about 4 T. From the magnitude of the magnetization jump (0.004 μB/Mn ion),
the tilting angle is estimated to be ∼ 0.1◦ using the full (classical) Mn3+ magnetic moment with
g = 2 and S = 2, namely 4μB. Of course, the intrinsic magnetic moment in MnCl3(bpy) at low
temperatures is smaller than this value due to quantum ﬂuctuations observed commonly in low
dimensional antiferromagnets, so the coarse estimate of the angle will require other experiments
to resolve.
In conclusion, magnetic susceptibility, speciﬁc heat, and high ﬁeld magnetization measure-
ments have been performed on single-crystal samples of MnCl3(bpy), which was regarded as
an S=2 quasi-one-dimensional Heisenberg antiferromagnet. The temperature dependences of
the low-ﬁeld magnetic susceptibilities possess broad maxima near 100 K for all the crystal di-
rections (a∗, b, and c), but large diﬀerences between the c-axis and the other directions are
observed below 100 K. Speciﬁcally, the magnetic susceptibility for the b-axis shows a sharp
peak at 11 K, which is the same temperature at the tiny peak observed in the speciﬁc heat
measurements, indicating a long-range order. The high-ﬁeld magnetization curve at 1.7 K for
H ‖ c shows a spin-ﬂop transition, and those for the other directions show monotonic increases.
The magnetization along the b-axis possesses hysteresis and a small jump at about 4 T. This
ﬁnding is explained by the chain structure and the conﬁguration of magnetic moments.
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